JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 101, NO. D13, PAGES 18,667-18,690, AUGUST 20, 1996

A global three-dimensional model of tropospheric sulfate

Mian Chin,! Daniel J. Jacob, Geraldine M. Gardner,
Michael S. Foreman-Fowler,? and Peter A. Spiro3

Division of Applied Sciences and Department of Earth and Planetary Sciences, Harvard University, Cambridge,
Massachusetts

Dennis L. Savoie

Division of Marine and Atmospheric Chemistry, Rosenstiel School of Marine and Atmospheric Science, University of
Miami, Miami, Florida

Abstract. A three-dimensional model is used to simulate the global tropospheric distributions of
dimethylsulfide (DMS), SO,, SO,42-, and methanesulfonic acid (MSA). The model uses
meteorological input from a general circulation model (GCM) developed at the Goddard Institute of
Space Studies (GISS) with 4° x 5° horizontal resolution, nine layers in the vertical, and a time
resolution of 4 hours. Model results are compared with observations from surface sites, ships, and
aircraft. The model reproduces generally to within 30% the observed SO, and SO42~ concentrations
over the United States and Europe; these concentrations are highly sensitive to the supply of HyO,
as an in-cloud SO, oxidant. Sulfate concentrations and wet deposition fluxes observed at remote
marine sites can be accounted for using a global DMS source of 22 Tg S yr-! in the model. However,
this source overestimates DMS air concentrations by a factor of 2 unless we assume the presence of
another DMS oxidant besides OH and NOj. Inclusion of another DMS oxidant in our model also
improves the simulation of the MSA to SO42 concentration ratio in marine air. Simulated SO42-
concentrations in the northern hemispheric free troposphere are much lower than in previous global
models and are more consistent with the few observations available. The difference reflects in part
our accounting of efficient scavenging of SO, and SO42" in wet convective updrafts. Global mean
tropospheric lifetimes computed in our model are 1.0 days for DMS, 1.2 days for SO,, 3.9 days for
SO42‘, and 6.2 days for MSA. Fossil fuel combustion and industrial activities represent 68% of
global non-sea-salt sulfur emissions. About 50% of SO, globally is converted to SO42~ aerosol
(principally by in-cloud oxidation) while the remainder is removed by deposition (30% by dry, 20%
by wet). In-cloud oxidation of SO, represents 85% of the global SO42~ source.

1. Introduction

Human activities account for 60-80% of global emission of sul-
fur gases to the atmosphere according to current estimates [Watson
et al., 1992]. Oxidation of sulfur gases produces sulfate aerosol,
which is removed by deposition on a time scale of days. It has been
argued that anthropogenic enhancements of sulfate aerosol over
the past century could have caused a significant increase in plane-
tary albedo, compensating regionally for the parallel increase in
greenhouse radiative forcing [Charlson et al., 1992]. Assessing the
climatic effect of sulfate aerosol is, however, made difficult by
uncertainties in the sources and atmospheric chemistry of the sul-
fate precursors, by the large spatial heterogeneity of sulfate
concentrations, and also by our limited understanding of indirect
radiative effects associated with the sensitivity of cloud albedo to
the supply of sulfate cloud condensation nuclei.

We present here a global, three-dimensional simulation of atmo-
spheric sulfate and its precursors using a general circulation model
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(GCM) developed at the Goddard Institute of Space Studies
(GISS). Our purpose is to evaluate current understanding of sulfur
sources, sinks, and chemistry by comparing model results to
observed distributions of sulfate and its precursors. In a compan-
ion paper [Chin and Jacob, this issue], we will use the model to
analyze the budget of anthropogenic sulfur over polluted conti-
nents and to assess the global extent of anthropogenic influence on
sulfate.

Previous global three-dimensional models of atmospheric sul-
fur have been presented by Langner and Rodhe [1991], Penner et
al. [1994], Pham et al. [1995], and Feichter et al. [1996]. Our
model differs from these models in a number of ways, and compar-
ison of the global sulfur budgets in the different models indicates a
number of discrepancies which we will discuss here (section 4) and
in the companion paper.

The model is described in section 2 and evaluated with observa-
tions in section 3. Global sulfur budgets are presented in section 4.
Conclusions are in section 5.

2. Model Description
General

The GISS GCM II [Hansen et al., 1983] has a horizontal grid
resolution of 4° latitude x 5° longitude, with nine layers in the ver-
tical extending from the surface to 10 mbar along a sigma
coordinate. The three lowest layers are centered at approximately
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250 m, 800 m, and 1800 m above the surface. We use a 1-year
record of GCM meteorological quantities with 4-hour resolution
(Table 1) to drive an off-line chemistry-transport model (CTM)
replicating the dynamics of the GCM [Prather et al., 1987]. The
CTM has been applied previously to the simulation of chlorofluo-
rocarbons [Prather et al., 19871, 8Kr [Jacob et al., 1987],
methylchloroform [Spivakovsky et al., 1990], 222Rn and 210Pb
[Jacob and Prather, 1990; Balkanski and Jacob, 1990; Balkanski
et al., 1992, 1993], O3 [Jacob et al., 1993a,b; Chin et al., 1994],
l4co [Spivakovsky and Balkanski, 1994], and Be [Koch et al.,
1996]. These simulations provide important reference points for
documenting the model behavior. We participated recently in a
community intercomparison of global models involving simula-
tions of 222Rn and other short-lived tracers (D.J. Jacob et al.,
Evaluation and intercomparison of global atmospheric transport
models using 222Rn and other short-lived tracers, submitted to
Journal of Geophysical Research, 1996).

Five species are included in our simulation: (1) dimethyl sulfide
(DMS) emitted mainly from the ocean, (2) methanesulfonic acid
(MSA) produced by DMS oxidation, (3) H,S emitted from the ter-
restrial biosphere, (4) SO, emitted from anthropogenic activities
and volcanoes as well as produced in the atmosphere by oxidation
of DMS and H,8, and (5) secondary SO42~ produced by oxidation
of SO,. The simulation is conducted for a period of 15 months with
4-hour time steps, starting from low initial concentrations of DMS
(0.1 parts-per-trillion by mole, or ppt), MSA (0.1 ppt), H,S (0.1
ppt), and SO, (50 ppt). Initial SO42~ concentrations are 3 ppt in the

Table 1. Meterological Archive Used as Model Input

Variable Time Resolution
Surface pressure 4 hours
Temperature S days
Wind velocity 4 hours
Mixed layer depth? 4 hours
Convective events, column total® 4 hours
Convective events, vertical distribution® 5 days
Precipitation rates, surface® 4 hours
Precipitation rates, vertical distribution® 5 days
Cloud optical depth, column totald 4 hours
Cloud optical depth, vertical distributiond S days
Cloud volume fraction® 5 days

The archive represents 1 year of output from the GISS GCM II with 4°
x 5° resolution, nine layers in the vertical, and resolution of the diurnal
cycle [Hansen et al., 1983].

2 Mean vertical extent of dry convective instability initiated by surface
heating.

b Separate statistics are kept for the frequencies of dry, shallow wet, and
deep wet convection events. Shallow wet convection is defined as not
extending above layer 3 (about 2.6 km above the surface). The vertical
distribution of convective events is computed at each 4-hour model time
step by scaling the 5-day statistics to the 4-hour column totals. The
convective mass fluxes are computed from the frequencies of convection
events following Prather et al. [1987].

¢ Separate statistics are kept for convective and large-scale precipitation.
Precipitation rates through the bottom of each layer are computed at each
4-hour model time step by scaling the 5-day averages to the 4-hour surface
precipitation totals.

d Cloud optical depths in each layer are computed at each 4-hour time
step by scaling the 5-day averages to the 4-hour column totals. The column
total is also used to derive the solar irradiance at the surface for calculations
of the dry deposition velocity and of sulfur emission by terrestrial
vegetation.

¢ The volume fraction of cloud in a gridbox used for calculating aqueous
phase SO, oxidation is obtained as the ratio of cloud optical depth in the
gridbox to the optical depth of large-scale clouds in the GCM [Hansen et
al., 1983, equation (21)].
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Table 2. Global Sulfur Emission for 1985

Global
Source Emission, Reference
TgSyr!
SO,
Fuel combustion and industrial
activities? 65.0 Benkovitz et al. [1996]
Biomass burning 23 Spiro et al. [1992]
Aircraft 0.1 G. MclInnes (1991)®
Noneruptive volcanoes 2.7 Spiro et al. [1992]
Eruptive volcanoes® 4.0 This work
DMS
Ocean? 21.7 This work
Terrestrial biosphere 0.1 Spiro et al. [1992]
H,S
Terrestrial biosphere 0.8 Spiro et al. [1992]
Total emission 96.7

2 Global Emissions Inventory Activity (GEIA) data base for 1985
emission with 1° latitude x 1° longitude resolution. Assumed constant
throughout the year.

b Personal communication.

¢ Based on a volcanism chronology for 1985 [Simkin and Siebert,
1994]. The chronology gives for each eruption the volcanic explosivity
index (VEI), the start date, and the duration in days. It also includes
information on the locations and crater heights of individual volcanoes.
The total amount of SO, emitted by a given eruption, and the height of
the eruption plume, are specified as functions of the VEI [Stoiber et al.,
1987, Table 2; Simkin and Siebert, 1994, Table 4]. The emission is
distributed evenly in time over the duration of the eruption, and evenly
with altitude over the vertical extent of the eruption plume.

4 Computed using the relation F = k C, where F is the emission flux,
k is the sea-to-air transfer velocity of DMS, and C is the seawater DMS
concentration. The seasonal variation of seawater DMS concentrations
is modeled as a sinusoidal function constrained to match the May —
October and November — April 6-month averages reported by Bates et
al. [1987] for different latitudes (and longitudes in the tropics). The
sea-to-air transfer velocity of DMS is computed as k = kcop X (Scpms/
Scco2)™, where kco; is the transfer velocity of CO,, Scpms and Sceoa
are the Schmidt numbers of DMS [from Saltzman et al., 1993] and CO,
[from Erickson, 1993]. For an ocean surface with waves (wind speeds
>3.6 ms™!), we use kcoy = 6.4 x (windspeed — 3) [Tans et al., 1990, as
given by Erickson, 1993]. For a smooth ocean surface (wind speed <
3.6 ms!) we assume kcoy = 1.07 x windspeed. The value of n is 1/2
for a wavy surface [Ledwell, 1984] and 2/3 for a smooth surface
[Deacon, 1977].

troposphere, 10 ppt in the lower stratosphere (70—150 mbar), and
50 ppt in the middle stratosphere (10~70 mbar). The first 3 months
are used for initialization of the troposphere, and our analysis is
focused on the last 12 months. Hydrogen sulfide accounts for less
than 1% of the global sulfur source and does not play a significant
role as a SO42- precursor anywhere in the global model domain; it
will not be discussed further, but it will be included in our final sul-
fur budget for completeness.

Emission

The global emission inventory used in the model is described in
Table 2. The SO, source of 65 Tg S yr! from fuel combustion and
industrial activities is taken from the GEIA database for 1985
[Benkovitz et al., 1996]. A small aircraft source is added on a lati-
tude-altitude grid (G. MclInnes, personal communication, 1991).

Oceanic DMS emission of 22 Tg S yr! is computed as a prod-
uct of sea-to-air transfer velocity and seawater DMS concentrations.
We use the parameterization of Tans et al. [1990] (given by Erick-
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Figure 1. Annual emissions of sulfur from anthropogenic,

biogenic, and volcanic sources (mg S m=2 yr1) in the model.
Anthropogenic sources include SO, surface emissions from fossil
fuel combustion for 1985 and biomass burning, and column
integrated aircraft emission. Biogenic sources include surface
emissions of DMS from the ocean, and DMS and H,S from the
terrestrial biosphere. Volcanic source includes column integrated
SO, emission for 1985 from both eruptive and noneruptive
volcanoes (see text and Table 2 for details).

son [1993]) for the sea-to-air transfer velocity. The
parameterization is dependent on the wind speed at 10 m altitude;
this wind speed is inferred from the wind in the lowest GCM layer
(250 m altitude) by assuming a logarithmic dependence of wind
speed on altitude with roughness heights from Hicks and Liss
[1976]. Seawater DMS concentration are specified following
Bates et al. [1987] as a function of latitude, longitude (in the trop-
ics), and season.

Sulfur sources from the terrestrial biosphere, biomass burning
and noneruptive volcanoes are from Spiro et al. [1992]. Eruptive
volcanic emissions of SO, are for 1985 and are computed by apply-
ing the methodology of Spiro et al. [1992] to a chronology of
volcanism from Simkin and Siebert [1994] for the year 1985 (see
Table 2 for details). We obtain a total eruptive volcanic source of
40TgS yr_1 for 1985, representing 4% of global sulfur emissions
in Table 2. Spiro et al. [1992] previously reported a 9-year average
value (1964-1972) of 5.1 Tg S yr‘1 for eruptive volcanic emis-
sions; volcanic activity in 1985 was slightly weaker than normal.

The simulation does not account for primary SO42- emitted by
soil dust, sea spray, or combustion. Soil dust makes little contribu-
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tion to SO42~ even in dusty regions [Flocchini et al., 1981; Savoie
et al., 1989a; Barrie and Barrie, 1990]. Sea spray is a major source
of SO42- in marine surface air but it is customary to subtract its
contribution in the observations and to report the residual as "non-
sea-salt" SO42- [Keene et al., 1986). Emission factors for combus-
tion in the United States indicate that only 3% of total sulfur is
emitted as SO42~ [Environmental Protection Agency, 1989].

Annual sulfur emissions from anthropogenic, biogenic, and vol-
canic sources are shown in Figure 1. The most serious weakness in
our present understanding of sulfur emissions is probably the oce-
anic source of DMS. Global estimates of this source range from 10
to S0 Tg S yr! [Intergovernmental Panel on Climate Change,
1992], reflecting large uncertainties in both seawater DMS concen-
trations and sea-to-air transfer velocities. For example, different
assumptions of relationships between wind speed and transfer
velocity can result in factor of 2 differences in the calculated DMS
flux from the ocean [Yvon et al., 1996]. Our global DMS source of
22 Tg S yr! affords a good simulation of SO42- concentrations at
remote oceanic sites. It leads, however, to an overestimate of DMS
concentrations in the marine boundary layer unless a missing sink
for DMS is assumed, as discussed below.

Chemistry

Chemical reactions included in the model are listed in Table 3.
The concentrations of OH are taken from the CTM methylchloro-
form simulation of Spivakovsky et al. [1990] as three-dimensional
fields of 5-day average quantities. The diel variations of OH con-
centrations are obtained by scaling the 5-day average values to the
cosine of the solar zenith angle. Oxidation of DMS by NOj at
night is assumed to be limited by the rate of NO3 production from
the NO; + O3 reaction; this assumption yields an upper limit, since
other NOj3 losses at night are not considered. The rates of NO3 pro-
duction are computed using global fields of NOyx and O;
concentrations compiled by Spivakovsky et al. [1990]. We find that
loss of DMS by reaction with NO3 amounts globally to 30% of loss
by reaction with OH, and effectively prevents DMS from accumu-
lating at high latitudes in winter.

Using the DMS source calculated as described above, we find
that the model reproduces the SO42~ concentrations and wet depo-
sition fluxes observed at remote marine sites but overestimates
DMS concentrations in marine air by a factor of 2 on average. This
discrepancy implies that the model overestimates the lifetime of
DMS in the marine boundary layer. Several previous studies of the
sulfur budget in the marine boundary layer have indicated that
DMS is oxidized faster than would be expected from reaction with
OH and NOj [Nguyen et al., 1983; Barnes et al., 1989; Cooper and
Saltzman, 1991; Jacob et al., 1995]; and the recent field studies by
Suhre et al. [1995] and Yvon et al. [1996] in tropical marine air sug-
gest that the DMS oxidation rate has to be doubled from the
reaction with OH (as derived from a photochemical model) in
order to explain the observed concentrations of DMS and its prod-
ucts. We assume here the presence of an oxidant X which reacts
with DMS as fast as OH and NO3 combined, so that the DMS life-
time is decreased uniformly by a factor of 2 (Table 3). The need for
including this DMS + X reaction in the model reflects either model
underestimates of OH or NOs, or the actual presence in the atmo-
sphere of other important DMS oxidants. It has been speculated
that Cl and BrO might represent significant additional oxidants for
DMS [Pszenny et al., 1993; Toumi, 1994] and aqueous phase oxi-
dation by O3 in clouds could also be important [Lee and Zhou,
1994]. We assume that the DMS + X reaction produces SO, with
100% yield, as this assumption yields the best simulation of
observed MSA to SO42~ concentration ratios.
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Table 3. Chemical Mechanism in the Model

CHIN ET AL.: TROPOSPHERIC SULFATE GLOBAL THREE-DIMENSIONAL MODEL

Rate Coefficient,
Reaction cm3 molecule! s-! Note

H,S+OH — SO, + .. 6.3 x 10-12exp (-80/T) a
DMS +OH — SOy +... 9.6 x 10~12exp (-234/T) b

(H abstraction)
DMS +OH — 0.75S0, +025MSA+... 17x 102exp (7810/T) [0,] b, ¢

.. 2
(OH addition)
1+5.5x 1037 exp (7460/T) [0,]

DMS +NO3 - SO; + ... d

DMS+X — SOy + ...

ko (T) [M]

SO, + OH(g) — HyS04 + ... {

SO, + H)0;, (aq) — HySO4 + ...
OCS + hv, OH, 0 — SO, + ...

T+ky (D) [M]/k_(T)

}0,6{1 + [log (ko (T) [M1/k.(T))]%}' g

with k;

3.0x 10-31 x (300/T)33

and k_ = 1.5x10-12

2 From DeMore et al. [1992].
b From Atkinson et al. [1989].

¢ Yields of SO, and MSA from Chatfield and Crutzen [1990].

4 Assumed to be limited by the rate of NO; formation at night from the NO, + Os reaction (see text). The rate
constant for the NO, + Oj3 reaction is from DeMore et al. [1992]. '

¢ X is an additional oxidant assumed to react with DMS at the same rate as OH and NO3 combined.

f Assumed to proceed to completion (titrate the limiting reagent) in cloudy air over the 4-hour time step.

2 Specified loss rate for OCS as a function of altitude from Chin and Davis [1995].

Aqueous phase oxidation of SO, by H,O, proceeds to comple-
tion in less than one hour in cloud [Daum et al., 1984] but is
unimportant out of cloud. Cloud volume fractions for each grid
box in the CTM are specified from the GCM meteorological
archive (Table 1). Within these cloud volume fractions we assume
that the reaction of SO, with H,O, titrates the limiting reagent over
the course of the 4-hour model time step. The H,O; concentration
at the beginning of each time step is specified as a function of alti-
tude, latitude and season (Figure 2) using the photochemical model
of Spivakovsky et al. [1990]. For most of the world, H,O; is in
excess of SO,, except in polluted regions of northern middle and
high latitudes.

Deposition

Wet deposition of SO42- and MSA aerosol is computed using
the scavenging scheme developed by Balkanski et al. [1993] and
previously tested by simulation of 2!Pb aerosol. This scheme
accounts for efficient scavenging in wet convective updrafts (50%
in shallow convection and 100% in deep convection; see Table 1
for definition of shallow and deep). It also accounts for first-order
losses by rainout and washout in large-scale (synoptic) precipita-

tion. Most of the aerosol scavenging on a global scale in the model
is in convective updrafts. Large-scale precipitation is important
only at middle and high latitudes in winter. Following Davidson
[1989], we assume that aerosol is not scavenged from ice clouds at
temperatures below 258 K because of the absence of riming; this
assumption limits the scavenging of sulfate over the Arctic in
winter.

Because the solubility of SO, in water is relatively low, scav-
enging of SO, by precipitation is treated as contingent on rapid
aqueous phase oxidation of SO, by H,O,. We define a soluble
fraction of SO, as limited by the availability of HyO, in the precip-
itating grid box, and we scavenge this soluble fraction in wet
convective updrafts and by rainout in the same way as S042.
Washout of the soluble fraction of SO, by large-scale precipitation
is assumed to be rapid relative to the 4-hour duration of the time
step, based on calculations by Levine and Schwartz [1982] which
indicate that highly soluble gases are scavenged from a rainy air
column on a timescale of less than 1 hour.

Dry deposition of SO, SO42, and MSA is modeled with the
resistance-in-series scheme of Wesely and Hicks [1977] applied to
the midpoint of the lowest model layer (250 m above the surface).
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Figure 2. Concentrations of HyO; (ppt) used in the model for January and July, as a function of altitude and latitude.
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Aerodynamic resistances are parameterized as a function of local
wind speed, solar radiation flux, cloud cover, and terrain [Jacob et
al., 1993a]. The surface resistance of SO is parameterized follow-
ing Wesely [1989] as a function of local surface type (specified with
1° x 1° resolution from Matthews [1983]), temperature, and inso-
lation. We assume a minimum SO, dry deposition velocity of 0.1
cm s~! under stable nighttime conditions, and over ice and snow
[Voldner et al., 1986]. The surface resistance of aerosol SO4* is
parameterized as a function of local meteorological variables fol-
lowing Wesely et al. [1985] and Hicks et al. [1989], as described by
Balkanski et al. [1993]. MSA is assumed to have the same dry dep-
osition velocity as SO4%~.

Figure 3 shows the calculated January and July mean dry depo-
sition velocities for SO, and SO42-. Dry deposition velocities for
SO, are 0.3-1.0 cm s~! over the ocean and 0.1-0.5 cm s~1 over
land. Dry deposition velocities for SO4*~ range from 0.01 to 0.4
cm s, reflecting principally variations in surface roughness.

3. Comparison With Observations

Figure 4 shows the simulated concentrations of DMS, SO,,
S04 and MSA for January and July in surface air (Figure 4a) and
at 6 km altitude (Figure 4b). The annually averaged zonal mean
concentration of SO4%~ as a function of altitude and latitude is
shown in Figure 5. The GISS GCM is intended to simulate a typi-
cal meteorological year, rather than any specific year; model results
are therefore best compared with long-term observational statis-
tics. The principal diagnostics used in this paper are monthly mean
concentrations at sites with at least one full year of observations.
For North America and Europe, which have a high density of mon-
itoring stations, we focus our attention on a small subset of
nonurban sites where we expect concentrations to be determined
more by regional-scale pollution than by local influences. Aircraft
provide the only source of data in the free troposphere and we
therefore use these data for model evaluation, even though they are
of limited temporal extent; we aggregate them regionally to
improve statistics. The same approach is used for ship cruises,
which provide the largest source of data for DMS and SO, concen-

trations in marine air. All observations presented in this paper were
collected between 1978 and 1993, so that our use of an anthropo-
genic emission inventory for 1985 should be appropriate. Eruptive
volcanic emissions for 1985 are included in the simulation shown
in Figure 4 and in the budget analysis of section 4 but are excluded
from the simulation used for comparison with observations, as the
distribution of volcanic eruptions varies greatly from year to year.

Dimethyl Sulfide

Simulated DMS concentrations in marine air are compared in
Table 4 to observations. If OH and NO3 were the only DMS oxi-
dants in the model, the observations would be overestimated by a
factor of 2 on average. By invoking an additional oxidant to
decrease the DMS lifetime by a factor of 2 (Table 3), we avoid sys-
tematic global bias. Thus the median simulated-to-observed
concentration ratio in Table 4 is 1.1 (quartiles are 0.5 and 2.0).
There is also no latitude-dependent bias, as shown in Figure 6. The
model does not capture the large spatial variance in the observa-
tions, which is not driven by latitude (the observations are mainly
from the growing season) but rather appears to reflect small-scale
variations in wind speed and seawater DMS concentrations. The
model features particularly high DMS concentrations at 60°S in
summer (Figure 4) because of a combination of high wind speeds
and high DMS seawater concentrations in the Southern Ocean.
There is also some small-scale variance in the model driven by
wind speed, as shown in Figure 6 by the spike for the eastern equa-
torial Pacific; this variance would not be expected to correlate with
the observations in view of the climatological nature of the model
and the short temporal extent of the observations.

We compare in Figure 7 the simulated and observed seasonal
variations of DMS concentrations at the two sites where long-term
observations are available: Amsterdam Island (Indian Ocean) and
Cape Grim (Tasmania). The model reproduces closely the ampli-
tude and phase of the seasonal cycles, which are determined largely
by the cycles of seawater DMS concentrations.

Vertical profiles of DMS in the model are compared in Figure 8
to aircraft observations; two of these observations are over the
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Figure 4a. Simulated concentrations (ppt) of DMS, SO,, SO4%, and MSA in surface air for January and July.

Amazon and Congo rainforest, where DMS originates from terres-
trial vegetation [Andreae et al., 1990a; Bingemer et al., 1992]. In
general, both model and observations indicate a rapid decline of
concentrations above the boundary layer, as would be expected
from the short lifetime of DMS (averaging 1.0 days in the model).
The observations over the tropical Pacific show frequent enhance-
ments of DMS in the upper troposphere because of deep
convection; the model underestimates these enhancements, not
because of insufficient convection but rather because of insuffi-
cient DMS in surface air in the flight regions. The model tends to
underestimate midtropospheric (2-6 km) concentrations through-
out the tropics, probably because of the nondetraining nature of
convection in the GISS GCM. The model overestimates by more
than a factor of 3 the low-altitude aircraft observations by Ber-
resheim et al. [1990] at Cape Grim in December. However, as
previously shown in Figure 7, the model reproduces closely the
surface observations at that site. Berresheim et al. [1990] suggest
that they may have flown during a period of anomalously low DMS
emission.

Sulfur Dioxide

Model results for SO, are compared in Table 5 to observations
from a number of locations around the world. Seasonal variations
are shown in Figure 9 for sites with at least 1 year of observations.
Dashed lines in the figure show the natural component of SO,
obtained in a simulation with no emissions from fossil fuel com-
bustion or industrial activities. Dotted lines show results from a
simulation without H,O, limitation of in-cloud SO, oxidation, i.e.,
assuming that in-cloud oxidation of SO, is limited solely by the
frequency of passage of air through cloud. These sensitivity simu-
lations were conducted following the same protocol as the standard
simulation, i.e., for a 15-month period with the first 3 months used
for initialization.

The model reproduces the observed SO, concentrations over
the United States and Europe, where emissions from fossil fuel
combustion and industrial activities are high. Annual mean SO,
concentrations in the model are within 30% of observed values at
sites A-F of Table 5. The observed seasonal cycle, with wintertime
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concentrations about a factor of 2 higher than in summer, is also
captured by the model. The simulation of SO, in the model is
strongly dependent on the limitation of SO, oxidation by the avail-
ability of HyOy; as shown in Figure 9, without this limitation we
would underestimate SO, concentrations throughout the year, and
the observed seasonality of SO, would not be reproduced. The pre-
vious models of Langner and Rodhe [1991] and Pham et al.
[1995], which did not include the H,O, limitation, show a large
underestimate of SO, concentrations over the eastern United States
and do not capture the seasonal variations. However, Pham et al.
[1995] tend to overestimate SO, concentrations over Europe in
both summer and winter. Frequency of processing of air by cloud
is another important variable affecting conversion of SO, to SO4~~
and is not easily evaluated with observations.

Figure 9 includes data from a number of Arctic sites in Europe
and North America (sites G-K). Although the model captures
qualitatively the winter maxima caused by transport of pollution
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Table 4. Observed and Simulated DMS Concentrations in Marine Surface Air

Site

DMS?, ppt
Period Reference®

Observed Model

A. Amsterdam Island Jan. 1984 — Aug. 1984; 112 106 NG
March 1987 — Dec. 1990
B. Cape Grim Nov. 1988 — May 1990 67 73 AY
C. Bahamas June 1985 154 40 SC
D. Gulf of Mexico October 1985 25 41 SC
E. Caribbean Transect Feb. — March 1985 83 60 SC
F. Bahamas Nov. 1983 96 36 AN
G. N. Atlantic April — May 1984 73 89 AN
H. Sargasso Sea June 1984 180 78 AN
I. Atlantic Ocean, 32°S -10°S March — April 1987 18 32 BU
J. 10°S - 10°N March — April 1987 37 97 BU
K. 10°N - 30°N March - April 1987 22 157 BU
L. 30°N - 47°N March - April 1987 11 43 BU
M. Tropical South Pacific March 3-9, 1991 430 47 YS
N. Equatorial Pacific Feb. — March 1991 352 181 HU
O. Equatorial Pacific July 1982 125 508 AN
P. N. E. Pacific Coast April 16-30, 1991 75 33 BN
Q. N. E. Pacific Coast May 14-21, 1987 74 84 BT
R. Pacific Ocean,15°N — 29°N April 6 — May 5, 1988 62 51 QU
S. 14°N - 11°S April 6 — May 5, 1988 278 115 QU
T. Cape Grim Jan. 1984 126 154 AN
U. Subantarctic/Antarctic March - April 1986 100 377 BE
V. Antarctic region, Drake Passage Nov. — Dec. 1990 147 191 SG
w. Weddell Sea  Nov. — Dec. 1990 24 235 SG
X. to Cape Town Nov. — Dec. 1990 671 667 SG

2 Mean DMS concentrations from the observations are averaged over the observation period,
and from the model are the average values for the corresponding month(s) of the observation.

b References are AN, Andreae et al. [1985]; AY, Ayers et al. [1991]; BE, Berresheim [1987];
BN, Bandy et al. [1992); BT, Bates et al. [1990]; BU, Biirgermeister et al. [1990]; HU, Huebert
et al. [1993]; NG, Nguyen et al. [1992]; QU, Quinn et al. [1990]; SC, Saltzman and Cooper
[1988]; SG, Staubes and Georgii [1993]; YS, Yvon and Saltzman [1996].

from Eurasia [Barrie, 1986], it tends to overestimate these max-
ima, particularly at Spitzbergen and Bear Island (sites G and H).
The sharp decrease of winter SO, concentrations from Jergul (site
I) to Bear Island in the observations has been attributed to rapid
deposition of SO, to the open ocean along the transport path [Bar-
rie and Hoff, 1984]; however the model shows little dry deposition
over that region (Figure 3) because sea ice in the GCM winter
extends to the northern coast of Norway. It must be noted that the
wintertime Arctic atmosphere is strongly stratified, and observa-
tions made at the surface would be particularly sensitive to SO,
deposition from a shallow surface layer not resolved by our model.

The only long-term record of SO, observations in marine air is
from Amsterdam Island (site L). The model reproduces the

DMS (pptv)
200 400 600 800

[

80S 60S 408 208 0 20N 40N 60N
latitude

Figure 6. Latitudinal variation of observed (letters) and simulated
(lines) DMS concentrations over the oceans. The letters
correspond to the site locations in Table 4 (note that concentrations
at site P and Q are overlapping). Model results are monthly means
corresponding to the locations and periods of the observations.

observed concentrations and their seasonal variation. The SO at
Amsterdam Island originates mainly from DMS oxidation.
Shorter-term observations of SO, in marine air from ship cruises
(Table 5) are also well simulated; the median simulated-to-
observed concentration ratio for these data is 0.8 (quartiles are 0.4
and 1.2).

Vertical profiles of SO, concentrations in marine air measured
from aircraft are compared to model results in Figure 10. The high
SO, concentrations in the boundary layer over the northwest Atlan-
tic, both in the model and in the observations, are due to advection
of anthropogenic pollution from North America. Concentrations
over the South Atlantic are much lower, both in the model and in
the observations, and there is evidence that SO, increases with alti-
tude, reflecting at least in the model the pumping of DMS to the
upper troposphere followed by oxidation to SO, [Chatfield and
Crutzen, 1984]. Simulated SO, concentrations in the free tropo-
sphere over the North Pacific underestimate considerably
observations made during the Pacific Exploratory Mission (PEM)
West(A) expedition in October 1991, but these observations were
heavily affected by the eruption of Mount Pinatubo [Thornton et
al., 1996].

Sulfate

Long-term records of SO42" concentrations are available from
many sites around the world (Table 6). Simulated and observed
seasonal variations of concentrations for representative sites are
compared in Figure 11. The model reproduces generally to within
20% the observed yearly mean SO42 concentrations observed at
sites in the United States and Europe. Both model and observa-
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Table 5. Observed and Simulated SO, Concentrations in Surface Air

SO,2, ppt
Site Period ————————— Reference®
Observed Model
Industrial Region
A. Langenbrugge, Germany 1986-1992 4880 6490 EMEP
B. Illmitz, Austria. 1986-1992 8030 7390 EMEP
C. Ispra, Italy 19861992 3480 5470 EMEP
D. Ohio, U.S. May 1980 — Aug. 1981 7980 7270 SP
E. Indiana, U.S. May 1980 - Aug. 1981 8530 9700 SP
F. Kentucky, U.S. May 1980 — Aug. 1981 7520 7860 SP
Arctic and Subarctic

G. Spitzbergen, Norway 1986-1992 157 498 EMEP
H. Bear Island, Norway Oct. 1978 — Sept. 1981 205 508 HL

I. Jergul, Norway 1986-1992 700 805 EMEP
J. Janiskoski, Russia 1986-1992 900 1050 EMEP
K. Cree Lake, Canada 1982-1988 242 350 BB

Ocean

L. Amsterdam Island Mar. 1989 — Jan. 1991 19 21 NG
M. N. E. Atlantic Coast July 22-30, 1981 70 63 HJ
N. N. Atlantic, W. of Europe Aug. 1988 40 39 PS
0. W. of Africa Aug. 1988 83 31 PS
P. N. of South America Sept. 1988 35 40 PS
Q. Tropical South Pacific March 3-9, 1991 71 28 YS
R. Equatorial Pacific Feb. — March 1991 28 66 HU
S. N. E. Pacific Coast April 16-30, 1991 28 21 BN
T. N. E. Pacific Coast May 14-21, 1987 135 58 BT
U. Pacific Ocean, 30°N -~ 50°N April 6 — May 5, 1988 15 7 QU
V. 15°N - 29°N April 6 — May 5, 1988 85 26 QU
W. 14°N - 11°S April 6 — May 5, 1988 30 53 QU
X. Subantarctic/Antarctic March — April 1986 11 13 BE

2 For sites A—L, values are annual means. For sites M—X, mean SO, concentrations from the
observations are averaged over the observation period, and from the model are the average values
for the corresponding month(s) of the observation.

b References are BB, Barrie and Bottenheim [1990]; BE, Berresheim [1987]; BN, Bandy et
al. [1992]; BT, Bates et al. [1990]; EMEP, Norwegian Institute for Air Research [1988-1994];
HJ, Herrmann and Jaeschke [1984]; HL, Heintzenberg and Larssen [1983]; HU, Huebert et al.
[1993]; NG, Nguyen et al., [1992]; PS, Pszenny et al., [1990]; QU, Quinn et al., [1990]; SP,
Shaw and Paur [1983]; YS, Yvon and Saltzman [1996).

tions show a summer maximum over the eastern United States
(Figure 11a). By contrast, 210Pb aerosol over the United States
shows a winter maximum, reflecting the seasonal variation of
boundary layer mixing [Balkanski et al., 1993]. Oxidation of SO,
to SO42~ is slower in winter than in summer because of low OH and
H,0, concentrations, more than compensating for the seasonal
variation in boundary layer mixing. If we did not account in the
model for the limitation of in-cloud SO, oxidation by the H,O,
supply, SO4%~ concentrations would be greatly overestimated and
would peak in winter (dotted lines).

The model tends to underestimate wintertime SO42~ concentra-
tions over Europe (Figure 11a). One possible explanation is that
anthropogenic SO, emissions in Europe peak in winter [Semb,
1977], while the model assumes that these emissions remain con-
stant throughout the year. However, the model reproduces the
observed wintertime maximum of SO, over Europe (Figure 9)
even without allowing for seasonal variation of SO, emission.
Another possibility is that direct anthropogenic emission of SO42-
is not considered in the model; although this source is small com-
pared to SO, emission, it could be nonnegligible when the
oxidation rate of SO; is slow, such as in European winter.

Measurements at arctic and subarctic sites (Figure 11b) often
show a pronounced seasonal variation of SO42- concentrations,
with maxima in late winter due to strong transport from the Eur-

asian continent [Barrie and Bottenheim, 1990], and summertime
minima comparable to observations in remote marine air. The
model captures the observed low summer values but underesti-
mates the winter maxima, particularly in the North American
Arctic. Comparison of low-level wind patterns in the GCM and in
climatological observations indicates that the transport from Eur-
asia to the North American Arctic in the GCM winter is too weak.
In addition, wintertime precipitation over the Arctic is excessive in
the GISS GCM [Hansen et al., 1983]. The model overestimates
observations at Cree Lake in the Canadian subarctic because of
excessive transport of North American pollution to that site.
Observations at marine sites in the northern hemisphere indicate
strong seasonal anthropogenic enhancements of SO42- concentra-
tions [Andreae et al., 1988; Savoie and Prospero, 1989; Savoie et
al., 1989a] which are not captured by the model (Figure 11c). This
problem appears to be caused by excessive scavenging of soluble
tracers downwind of the northern midlatitude continents, as previ-
ously noted by Balkanski et al. [1993] in their simulation of 2!0Pb.
Precipitation anomalies in the GCM seem to be responsible.
Transport of anthropogenic SO4~~ from North America to Bermuda
in the GCM summer is also suppressed by a northeastward shift of
the Bermuda High from its climatological location [Jacob and
Prather, 1990]. Better agreement is found between model and
observations in the central and South Pacific, where SO42" is prin-
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Figure 9. Seasonal variations of observed (squares) and simulated (lines) monthly mean SO, concentrations in
Europe, the United States, the Arctic, and Amsterdam Island. The interannual range of observed means is shown for
sites with more than one year of data. References for the observations are given in Table 5. Dashed lines are from a
simulation without anthropogenic emissions. Dotted lines are from a simulation including no H,O, limitation of in-

cloud SO, oxidation. In some panels the lines coincide.

cipally of biogenic origin. Summertime observations at the
Antarctic coastal sites (Palmer, Mawson) are overestimated, which
will be discussed further below in the context of results for MSA.

Simulated SO42- concentrations at altitude are compared to air-
craft observations in Figure 12. The model captures the sharp
decrease between the boundary layer and the free troposphere
observed over eastern Canada in summer; however, as discussed
earlier, it does not capture the anthropogenic enhancements
observed over Bermuda and over the northern Pacific in spring.
Midtroposphere concentrations over the Amazon Basin are greatly
overestimated, reflecting long-range transport of marine-derived

S042- over Brazil in the model; in the observations this marine
component appears to be efficiently scavenged [Andreae et al.,
1990a; Talbot et al., 1990]. A possible explanation for the insuffi-
cient scavenging in the model midtroposphere is that wet
convection over tropical continents in the GISS GCM is nonen-
training and is excessively dominated by deep events extending to
near the tropopause [Del Genio and Yao, 1988]. Observations and
modeling of cloud structure over the Amazon Basin [Scala et al.,
1990] show that convective events extend over a full range of
depths and include varying degrees of entrainment, which would
enhance scavenging of SO, and SO42- at midlevels. The model
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Figure 10. Vertical profiles of SO in marine air. The squares are observations, and the lines are model means for
the corresponding locations and months. The observation periods and references are 1 and 2, August 22-30 and
September 12-22, 1989, respectively [Thornton et al., 1993]; 3 to 6, September 16, September 22 to October 6,
October 8-18, October 18-20, 1991, respectively (NASA Langley Research Center, PEM-West A data archive).

captures the observed decrease of SO42~ concentrations with alti-
tude over the North Pacific during the PEM-West (A) mission,
although we saw previously that observed SO, was much higher
than simulated due to the influence of the Pinatubo eruption. The
model overestimates the low-altitude aircraft observations of Ber-
resheim et al. [1990] over Cape Grim, consistent with the
underestimate of DMS in these same observations. As discussed
above, however, the model captures well the observed DMS and
SO4%# concentrations in surface air at the site.

Wet deposition fluxes of SO42~ computed by the model are com-
pared to observations in Table 7. For the United States and Europe,
where the observational network is dense, we limit our attention to
regional averages to remove the effect of small-scale spatial vari-
ability in precipitation. The model reproduces the observed
deposition fluxes over the continents to within 15%; more than
90% of this SO4% is anthropogenic. Over oceans the scatter
between model and observations is greater but the agreement is
still within a factor of 2, with no systematic global bias. These
comparisons lend support to the overall magnitude of anthropo-
genic and oceanic sources of sulfur in the model.

Methanesulfonic Acid

Methanesulfonic acid is produced by the addition branch of the
DMS + OH reaction. Long-term observations of MSA are avail-
able from a number of marine sites (Table 8). Figure 13 compares
the seasonal variations of MSA concentrations in the model with
the observations at the sites of Table 8.

The seasonal variation of MSA is expected to largely follow that
of DMS. The model underestimates MSA concentrations over the

North Atlantic throughout the growing season, suggesting that
DMS emission in the model may be too low. Andreae et al. [1994]
has pointed out that DMS seawater concentrations in the North
Atlantic are higher than given by the compilation of Bates et al.
[1987] which is used here to specify DMS emission; however, the
model does not underestimate the DMS surface air observations
over the North Atlantic (Table 4). An alternate explanation is that
the removal of MSA in that region may be too fast because of
excessive precipitation in the GCM, as discussed above in the case
of SO4%~. The model also does not capture the high concentrations
over the North Pacific in April-May, which could reflect a spring
maximum in DMS emission. The MSA concentrations simulated
by the model at sites in the tropics and in the southern hemisphere
are generally within a factor of 2 of observed values, except that the
summer values are too high at Palmer.

Results for MSA at altitude are compared with the few available
observations in Figure 14. At midlatitudes the model captures well
the observed decrease of concentrations with altitude reflecting
scavenging by precipitation. Over the tropics, the model predicts
relatively high MSA concentrations at high altitude because of pro-
duction from DMS transported aloft by convection (Figure 4). No
observed vertical profiles in tropical maritime air are however
available for testing this model result. Observations over the Ama-
zon show a decrease from the boundary layer to the free
troposphere, while the model shows the reverse, reflecting the
same problem as discussed earlier for SO42-.

Figure 15 shows the MSA/SO4“~ molar concentration ratios in
the model and observations. This ratio has been used extensively
to estimate the biogenic fraction of SO42~ over the oceans and to
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Table 6. Observed and Simulated SO4%~ Concentrations in Surface Air

S0Q,2-2 ppt
Site Period ——————————— Reference®
Observed Model
Industrial Region
A. Langenbrugge, Germany 1986-1992 1580 1700 EMEP
B. Illmitz, Austria 1986-1992 1640 1900 EMEP
C. Ispra, Italy 1986-1992 2000 1670 EMEP
D. Whiteface Mn., New York, U.S. 1975-1988 838 889 HD
E. Albany, New York, U.S. July 1983 - Feb. 1985 1510 1780 HD
F. Mayville, New York, U.S. 1981 — 1988 1480 2150 HD
G. Ohio, U.S. May 1980 — Aug. 1981 1640 2150 SP
H. Indiana, U.S. May 1980 - Aug. 1981 1850 2230 SP
1. Kentucky, U.S. May 1980 — Aug. 1981 1850 2010 SP
Arctic and Subarctic
J. Spitzsbergen, Norway 1986-1992 144 182 EMEP
K. Bear Island, Norway Oct. 1978 - Sept. 1981 352 175 HL
L. Jergul, Norway 1986-1992 406 293 EMEP
M. Janiskoski, Russia 1986-1992 459 361 EMEP
N. Alent, Canada June 1980 - Dec. 1990 213 85 LB
0. Mould Bay, Canada July 1979 - June 1980 228 111 BA
P. Igloolik, Canada Nov. 1979 - June 1980 250 140 BA
Q. Heimaey, Iceland July 1987-June 1993 159 128 PR, SAu
R. Cree Lake, Canada 1982-1988 192 435 BB
Ocean and Antarctic
S. Mace Head Aug. 1988 - June 1993 322 358 GA, SAl, SAu
T. Bermuda April 1989 — June 1993 559 281 GA, SAl, SAu
U. Barbados May 1984 - June 1993 204 84 GA, SA], SAu
V. Midway Island Jan. 1981 - Jan. 1993 143 7 SA2, SAu
W. Oahu Jan. 1981 - Jan. 1993 135 87 SA2, SAu
X. Fanning April 1981 — July 1987 174 177 SA2, SAu
Y. American Samoa March 1983 - April 1992 98 85 SA3
Z. New Caledonia Aug. 1983 — Oct. 1985 112 66 SA2, SAu
A’. Norfolk Island May 1983 - Dec. 1990 75 55 SA2, SAu
B’. Cape Grim Aug. 1976 - June 1984 95¢ 69 AY1
Cape Grim Nov. 1988 — May 1990 204 69 AY2
C’. Palmer, Antarctica April 1990 — June 1991 25 148 SA4
D’. Mawson, Antarctica Feb. 1987 — Dec. 1991 29 56 SA4

2 Annual mean concentrations excluding the sea-salt component.

b References are AY1, Ayers et al. [1986]; AY2, Ayers et al. [199]11; BA, Barrie et al. [1989];
BB, Barrie and Bottenheim [1990]; EMEP, Norwegian Institutue for Air Research [1988-1994]; GA,
Galloway et al. [1993]; HD, Husain and Dutkiewicz [1990]; HL, Heintzenberg and Larssen [1983];
LB, Li and Barrie [1993]; PR, Prospero et al. [1995]; SA1, D. L. Savoie et al. (Oceanic antrhopogenic
contributions to non-sea-salt sulfate in the maine boundary layer over the North Atlantic Ocean,
submitted to Journal of Geophysical Research, 1995); SA2, Savoie et al. [1989b]; SA3, Savoie et al.
[1994]; SA4, Savoie et al. [1993]; SAu, D. L. Savoie, (unpublished data, 1995), SP, Shaw and Paur
[1983].

18,679

¢ Upper limit, since data may have sea-salt contamination.
dower limit, since data include only sub-micrometer size aerosol to avoid sea-salt contamination.

test our understanding of DMS oxidation pathways [e.g., Saltzman
et al., 1985; Savoie and Prospero, 1989; Berresheim et al., 1990;
Ayers et al., 1991]. Figure 15 shows that the magnitudes and sea-
sonal variations of the MSA/SO4*~ ratio at marine sites are
generally well reproduced by the model, reflecting in part our
assumption of an additional DMS oxidant (X) with 100% SO,
product yield.

The MSA/SO42~ concentration ratios at extratropical sites peak
in summer, both in the observations and in the model. This pattern
would be expected for sites where SO42~ has a strong anthropo-
genic contribution (Mace Head and Bermuda); but in remote
oceanic regions, where both MSA and SO4*~ are primarily from
DMS oxidation, one might expect a maximum MSA/ SO,42- ratio in
winter because the addition branch of the DMS + OH reaction,
yielding MSA, is favored at lower temperatures [Hynes et al.,
1986]. The observed MSA/SO,42- seasonal variation thus suggests

the presence of important DMS oxidants other than OH. We find
in our model that oxidation by NO; (leading to SO42~ formation)
can provide a significant sink for DMS in winter; for example, oxi-
dation of DMS by NOj in winter at Cape Grim can be up to 3 times
more efficient than by OH. The additional DMS oxidant X postu-
lated in the model further contributes to lowering the MSA/SO42-
ratio in winter. Simulated MSA/SO42- ratios are too low at both
Antarctic coastal sites of Palmer and Mawson and at Heimaey, Ice-
land, particularly in summer; this discrepancy could reflect
uncertainty in the SO42- yield from the DMS + OH addition chan-
nel [Berresheim et al., 1995].

4. Global Budget

The global, annual mean sulfur budget in the model is summa-
rized in Figure 16. Anthropogenic emission accounts for nearly
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Figure 11a. Seasonal variations of observed (squares) and simulated (lines) monthly mean SO42- concentrations at
sites in Europe and the United States. The interannual range of observed means is shown for sites with more than one
year of data. References for the observations are given in Table 6. Dashed lines are from a simulation without
anthropogenic emissions. Dotted lines are from a simulation including no H,O; limitation of in-cloud SO, oxidation.

70% of the total sulfur source of 97 Tg S yr~!. Two-thirds of sulfur
in the atmosphere is removed by wet deposition, and the rest is
removed by dry deposition. This budget is compared in Table 9 to
budgets previously reported by Langner and Rodhe [1991]
(LR91), Pham et al. [1995] (P95) and Feichter et al. [1996] (F96)
from their global three-dimensional models.

The global DMS emission flux (22 Tg S yr_l) in our model is
slightly higher than those of LR91 (16 Tg S yr"l), P95 (20TgSyr~
1), and F96 (17 Tg S yr“l)‘ Our global burden of DMS (0.059 Tg
S) is comparable to that of P95 but a factor of 2 lower than that of
LR91 and F96. The difference reflects the 3-day lifetime of DMS
in LR91 and 2-day in F96 (as compared to 1.0 days in our model).
In the LR91 model, the only DMS oxidant is OH; we find in our
model a mean lifetime of 2.6 days for DMS against reaction with
OH, consistent with LR91. As discussed above, however, reaction
with OH alone appears insufficient to balance the budget of DMS
in marine air. The difference in DMS lifetime between our model
and F96 is because we double the DMS oxidation rate from reac-
tions with OH and NOj by introducing an additional oxidant X
otherwise the DMS lifetime in our model would be similar to that
in F96. Based on our evaluation of DMS with observations, it
seems that the DMS burdens in LR91 and F96 might be too high.

As shown in LR91, their DMS concentrations in winter appear in
particular to be excessive. There is no comparison of DMS con-
centrations with observations given in F96.

The agreement between the global DMS burdens in our model
and P95 reflects similar lifetimes for DMS in the two models (1.0
days). However, P95 obtained this short lifetime by invoking only
OH and NOj as oxidants. In our model, OH and NOj3 yield a DMS
lifetime of 2.0 days, and doubling this loss rate is required to
reduce the DMS burden to values consistent with observations.
Inspection of the OH fields used by P95, as given in Miiller and
Brasseur [1995], shows no large differences with the OH fields
used in our model, and the contribution of DMS + NOj to total
DMS loss (not counting the additional DMS + X reaction) is higher
in our model than in P95. One possible explanation for the differ-
ence in DMS lifetimes could be a greater extratropical contribution
to the global DMS loading in our model. Emission of DMS was
distributed in P95 solely as a function of solar radiation, thus DMS
in P95 would be more concentrated at lower latitudes where OH
concentrations are high.

Our global source and lifetime of SO, are close to those
reported by LR91 and F96 but significantly different from P95.
The global source of SO, in P95 is 30% larger than in our model
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Figure 11b. Same as Figure 11a but for Arctic and subarctic regions.

(123 versus 96 Tg S yr1), owing to larger emissions from fossil
fuel combustion and industrial activities. Despite this larger
source, the SO, burden in P95 is only 60% of that in our model (0.2
versus 0.34 Tg S), reflecting a much shorter lifetime for SO, (0.6
versus 1.3 days). P95 assumed a uniform SO, deposition velocity
of 0.9 cm s™! over continents, which is clearly excessive on a 24-
hour average basis since stability suppresses deposition at night. In
addition, P95 assumed that in-cloud oxidation of SO, is not limited
by the supply of H,O,; however, as shown above, HyO; is much
less than SO, over the polluted continents. LR91 also neglected
the limitation of SO, oxidation by the supply of H,O,, but their
loss rate of SO, from in-cloud oxidation is comparabie to that in
our model. Differences in cloud processing frequencies may
explain this result.

Our global SO4°~ burden (0.53 Tg S) is much less than those of
LR91 (0.77 Tg S) and P95 (0.8 Tg S), but close to that of F96 (0.61
Tg S). The discrepancy appears to be driven principally by SO4*~
concentrations in the free troposphere of the northern hemisphere.
For example, north of 30°N above 400 mbar, the average SO42-
concentration is 100-250 ppt in LR91 and 250 ppt in P91, while it
is 50-100 ppt in F96 and only 25-50 ppt in our model (Figure 5).
An important cause for the discrepancy appears to be differences
between the models in the wet scavenging schemes for SO, and
$042~. Our model and F96 account for scavenging in wet convec-
tive updrafts, thereby greatly restricting the transport of SO, and
SO4% to high altitudes; this efficient scavenging was indirectly
taken into account in LR91 by eliminating the convective transport
of SO, and SO42-, but was not considered in P95. Aerosol scav-

Table 7. Observed and Simulated Sulfur Wet Deposition Flux

Flux?, mg S m=2 yr!

Site Reference®
Observed Model
Continent and Arctic

A. Eastern U.S° 703 704 NAPAP
B. Western U.S.¢ 153 150 NAPAP
C. Western Europed 1020 1180 EMEP
D. Amazon Basin, Brazil 130 113 AN
E. Lake Calado, Brazil 120 129 GAl
F. San Carlos, Venezuela 170 838 GA2
G. Katherine, Australia 70 66 LK
H. Dye 3, Greenland 4 20 HE

1. Poker Flat, Alaska 32 54 GA2

Ocean

J. Bermuda 230 356 GA2
K. American Samoa 66 34 PS
L. Amsterdam Island 44 59 NG
M. New Zealand 67 52 PD
N. Central Tasman Sea 130 66 PD
O. Macquarie Island 67 89 AR

2 Annual means, excluding the sea-salt component over the oceans.

b References are AN, Andreae et al. [1990b]; AR, Ayers and Ramsdale
[1988]; EMEP, Norwegian Institute for Air Research [1988-1994]; GA1,
Galloway [1985]; GA2, Galloway et al. [1982]; HE, Herron [1982]; LK,
Likens et al. 1987, NAPAP, National Acid Precipitation Assessment
Program [1992]; NG, Nguyen et al. [1992]; PD, A. A. Pszenny and R. A.
Duce (unpublished data from Galloway [1985]); PS, Pszenny et al. [1982].

¢ Eastern United States, east of 92°W; western United States, west of
102°W.

4 Germany, Austria, Italy, and Belgium.
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Figure 11c. Same as Figure 11a but for oceans and the Antarctic.

enging in convective precipitation is coupled with wet convective
mass transport in our model, while it was computed as a first-order
rainout loss in both LR91 and P95. In addition, below-cloud scav-
enging of SO42~ was not considered in LR91 and P95. On the other
hand, precipitation anomalies in the GISS GCM could also in part
contribute to the lower SO42- lifetime in our model. Although
comparison with the observations in Figure 12 suggests that LR91
and P95 would overestimate SO42" in the upper troposphere, more
extensive observations in that region of the atmosphere are needed
to evaluate the models.

The mean lifetime of MSA in our model is longer than that of
SO4% (6.2 versus 3.9 days) because a larger fraction of MSA
resides in the free troposphere where precipitation is infrequent

(Figure 4). The global source and lifetime of MSA in our model
are in good agreement with values from P95. However, in our
model, over 90% of MSA is removed by wet deposition, whereas
in P95 the wet and dry deposition fluxes are comparable because of
the assumption of a high dry deposition velocity. LR91 and F96
did not simulate MSA.

Despite the above discrepancies, there are a number of points of
agreement between the models. Thus, the contribution of fossil
fuel combustion and industrial activities to the global sulfur source
is 70-75% in all four models. The fraction of SO, removed by dep-
osition before it is oxidized to SO42~ is about 50%. All four models
also agree that oxidation of SO, to SO4*~ is dominated by in-cloud
processes (70-90% of total oxidation).
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Figure 12. Vertical profiles of sulfate. The squares are observations, and the solid lines are model means for the
corresponding locations and months. The observation periods and references are 1 and 2, July 1985 and April - May
1987, respectively [Andreae et al., 1990a]; 3, August 1-14, 1990 [Gorzelska et al., 1994]; 4, May 3-12, 1985
[Andreae et al., 1988]; 5, June 1986 [Luria et al., 1989]; 6, December 3-18, 1986 [Berresheim et al., 19901; 7 to 9,
September 22 to October 6, October 8-18, October 18-20, 1991, respectively (NASA Langley Research Center,

PEM-West A data archive).

5. Conclusions

We have used a global three-dimensional model based on mete-
orological input from the GISS GCM II to simulate the
atmospheric distributions of DMS, SO,, SO4%-, and MSA. Com-
parisons of model with observations allowed an assessment of
current understanding of several aspects of atmospheric sulfur
chemistry.

The model generally reproduces to within 30% the SO, and
SO42- concentrations and SO42- wet deposition fluxes observed in
the United States and Europe. As discussed in the companion
paper [Chin and Jacob, this issue], SO4%~ levels over polluted con-
tinents are determined by emission of anthropogenic SOj,
oxidation of SO, to SO4%-, deposition of both SO, and $0,42-, and

ventilation of SO4%~. The agreement between model and observa-
tions implies some success in our representation of these various
processes on continental scales. Most of the conversion of SO, to
S04~ is through in-cloud oxidation by H,O,, and is generally lim-
ited by the availability of HyO,. Accounting for this limitation in
models appears to be critical.

Current parameterizations of DMS emission from the ocean are
highly uncertain. We find in our model that a global DMS source
of 22 Tg S yr-! simulates generally to within a factor of 2, and with
no mean global bias, the SO42~ concentrations and wet deposition
fluxes observed at remote marine sites. However, the same source
overestimates observed DMS concentrations in marine air by a fac-
tor of 2 if OH and NOj are taken to be the only DMS oxidants. It
is possible that the model may underestimate the concentrations of
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Figure 13. Seasonal variations of observed (squares) and simulated (lines) monthly mean MSA concentrations at
Atlantic (panels A—C), Pacific (panels D-J), and polar (panels K-N) sites. The interannual range of observed means
is shown for sites with more than one year of data. References for the observations are given in Table 8.
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Table 8. Observed and Simulated MSA Concentrations in Surface Air
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MSA®, ppt
Site Period —e e Reference®
Observed Model
Ocean

A. Mace Head Aug. 1988 — June 1993 13.8 41 GA, SAl, SAu
B. Bermuda April 1989 — June 1993 9.0 2.1  GA, SAl, SAu
C. Barbados May 1984 — June 1993 52 4.1 GA, SA1l, SAu
D. Midway Island Jan. 1981 - Jan. 1993 52 29 SA2, SAu
E. Oahu Jan. 1981 - Jan. 1993 49 4.7 SA2, SAu
F. Fanning April 1981 — July 1987 12.0 13.7 SA2, SAu
G. American Samoa  March 1983 — April 1992 6.0 52 SA3

H. New Caledonia Aug. 1983 — Oct. 1985 52 29 SA2, SAu

I. Norfolk Island May 1983 - Dec. 1990 6.1 37 SA2, SAu

J. Cape Grim Aug. 1976 — June 1984 2.8 5.0 AY

Arctic and Antarctic

K. Alert, Canada July 1980 — May 1990 1.8 1.1 LB

L. Heimaey, Iceland  July 1987 — June 1993 9.4 2.5 PR, SAu
M. Palmer, Antarctica  April 1990 — June 1991 122 18.9 SA4

N. Mawson, Antarctica Feb. 1987 — Dec. 1991 6.3 58 SA4

2 Annual means.

b References are AY, Ayers et al. [1986]; GA, Galloway et al. [1993]; LB, Li and Barrie
[1993]; PR, Prospero et al. [1995]; SA1, D. L. Savoie et al. (submitted manuscript, 1995);
SA2, Savoie et al. [1989b]; SA3, Savoie et al. [1994]; SA4, Savoie et al. [1993]; SAu, D. L.

Savoie (unpublished data, 1995).

OH and NOj in the marine boundary layer; alternatively, we could
be missing a major DMS oxidation pathway in the atmosphere.
Previous studies of the sulfur budget in the marine boundary layer
have found difficulty in closing the DMS budget using reactions
with OH and NO; as the only sinks for DMS, and additional oxi-
dants have been proposed (Cl, BrO, and O; in clouds). Better
understanding of DMS chemistry in the marine boundary layer is
obviously needed.

The model does not capture the widespread anthropogenic
enhancements of SO4>~ observed over the northern hemisphere
oceans in certain seasons. This anomaly was previously identified
in a simulation of 210Pb aerosol using the same model and appears
partly due to excessive wet convection in the model downwind of
the northern midlatitudes continents.

The concentrations of SO42~ simulated by the model in the free
troposphere agree with the few measurements available from air-
craft, and are much lower than values reported in previous global
three-dimensional models. The difference is attributed, in part, to
our accounting of scavenging of SO, and SO4*~ in wet convective
updrafts. More observations are needed in the free troposphere.

On a global basis, we find that fossil fuel combustion and indus-
trial activities account for 68% of the global source of SO,. Half
of this SO, is oxidized to produce SO42~ aerosol; the remainder is
lost by deposition (30% dry, 20% wet). Most of the oxidation of
SO, to SO4%~ is by in-cloud reaction with H,O, (85%), while the
rest_is by gas-phase reaction with OH (15%). The companion
papét by Chin and Jacob [this issue] analyzes model results further
to assess the export of anthropogenic sulfur from polluted conti-
nents and the global extent of anthropogenic influence on SO42-.

e e = " e .
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Figure 14. Vertical profiles of MSA. The squares are observations, and the solid lines are model means for the
corresponding locations and months. The observation periods and references are 1, July 1985 [Andreae et al., 1990a];
2, August 1-14, 1990 [Gorzelska et al., 1994]; 3, May 3-12, 1985 [Andreae et al., 1988]; 4, December 3-18, 1986

[Berresheim et al., 1990].
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Figure 15. Seasonal variations of observed (squares) and simulated (lines) monthly mean MSA/SO42~ molar
concentration ratios at marine sites. References for the observations are given in Table 6 for sulfate and Table 8 for

MSA.
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Figure 16. Global sulfur budget in the model. The mass of each compound in the atmosphere (Tg S) is shown by the
numbers inside the boxes. - The numbers in parentheses inside the boxes are the lifetimes (days). The emission and
deposition fluxes and the oxidation rates (Tg S yr~!) are indicated by arrows. Letters under SO, emission are: a,
anthropogenic emission; b, biomass burning emission; v, volcanic emission.

Table 9. Global Sulfur Budgets

Langner and Rodhe Pham et al. Feichter et al.
[1991] [1995] [1996] This Work
DMS

Source 16.0 20.0 16.9 21.8
Emission 16.0 (100%) 20.0 (100%) 16.9 (100%) 21.8 (100%)

Sink 16.0 20.0 16.9 21.8
Reaction with OH 16.0 (100%) 17.22 (86%) 14.6 (86%) 8.5 (39%)
Reaction with NO3 2.82 (14%) 2.3 (14%) 2.4 (11%)
Other reactions 10.9 (50%)

Burden 0.13 0.05 0.10 0.059

Lifetime 3.0 0.9 22 1.0

SO,

Source 94.5 122.8 100.5 95.6
Anthropogenic emission 66.5 (70%) 92.0 (75%) 77.6 (77%) 65.1 (68%)
Biomass burning 2.53%) 2.9 (2%) 2.52.5%) 2.3 2%)
Volcanoes 8.5 (9%) 9.2 (8%) 3.5 (3.5%) 6.7 (7%)
Photochemical production 17.0 (18%) 18.7 (15%) 16.9 (17%) 21.5(23%)

Sink 94.5 122.8 100.5 95.6
Gas-phase oxidation 7.8 (8%) 6.5 (5%) 16.8 (17%) 7.5 (8%)
In-cloud oxidation 42.0 (44%) 55.5 (45%) 34.5 (34%) 41.6 (43%)
Dry deposition 30.5 (32%) 55 (45%) 40.2 (40%) 26.6 (28%)
Wet deposition 14.2 (15%) 50 (4%) 9.0 (9%) 19.9 21%)

Burden 0.3 0.2 043 0.34

Lifetime 1.2 0.6 1.5 1.3

SO/4

Source 533 62 51.3 49.1
Anthropogenic emission 3.5 (6%)

Gas-phase production 7.8 (15%) 6.5 (10%) 16.8 (33%) 7.5 (15%)
In-cloud production 42.0 (79%) 55.5 (90%) 34.5 (67%) 41.6 (85%)

Sink 53.1 62.0 513 49.1
Dry deposition 8.6 (16%) 17.0 27%) 6.7 (13%) 5.6 (11%)
Wet deposition - 41.5(84%) 45.0 (73%) 44.6 (87%) 43.5 (89%)

Burden 0.77 0.8 0.61 0.53

Lifetime 5.3 4.7 43 39

MSA

Source 1.2 1.1
Chemical production 1.2 (100%) 1.1 (100%)

Sink 1.2 1.1
Dry deposition 0.5 (42%) 0.07 (6%)
Wet deposition 0.7 (58%) 1.04 (94%)

Burden 0.02 0.019

Lifetime 6.1 6.2

Units are source and sink, Tg S yr-!; burden, Tg S; lifetime, days.

2 From Pham et al. [1996].
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